The ability of microorganisms to grow on and attack naturally occurring fats has been recognized for many years, but it is equally well known that most of the lipases involved also can be produced in media devoid of lipid material. In studies on the microbial lipases, the lipolytic activity of cultures grown in the presence of fat usually is determined by measuring the free fatty acids (FFA) that are liberated into the medium during growth (11, 22) . When no lipid is included in the growth medium, the lipolytic activity is determined by adding a sample of the culture supernatant fluid or mycelial extract to a buffered fat substrate; the FFA released after a relatively short incubation period is then measured (3, 9, 16) . However, Nashif and Nelson (17) observed that the lipolytic activity of the supernatant fluid from cultures grown in the presence of butterfat or triglycerides of long-chained fatty acids is considerably less than from cultures grown without fat. Similar observations in our earlier work (1) , and, more recently, in unpublished studies on the action of microorganisms on carbonyls, led us to examine more closely this apparent inhibition by substrate. This paper describes the inhibitory effects of lard on the production and activity of Pseudomonas fragi lipase without concomitant effect on growth, as well as subsequent studies to determinethecause ofthe inhibition. Observations on pancreatic lipase and the lipases produced by Geotrichum candidum and Staphylococcus aureus also are reported.
MATERIALS AND METHODS
Production and assay of P. j ragi lipase. The strains of P. fragi employed, the conditions of lipase production, and the methods of assay were as previously reported (3) , with the following exceptions. (i) In some media, lard emulsions to give a final concentration of 0.5% lard were added to the culture medium. The supernatant fluid from these cultures contained FFA released from the fat as the lipase was produced. This titratable acidity was subtracted from the value obtained in the assay to give the net activity shown in the data. (ii) Assay samples were incubated for 1 hr. Unless noted otherwise, the lipase employed was the supernatant fluid from a 4-or 5-day culture of P. fragi grown in 1% Case peptone medium from Case Labs., Chicago, Ill.
Production and assay of G. candidum lipase. Maximal production of lipase by G. candidum was obtained in a high protein medium as previously described (4). The following synthetic medium gave good yield of lipase when incubated at 20 C for 4 days: 0.1% NH4C1, 0.15% KH2P04, 0.012% MgS04-7H20, 0.234% monosodium L-glutamate, 0.16% L-arginine-HC1, 0.07% L-lysine-HCI, and 0.001% each of FeSO4-7H20, ZnSO4-7H20, and MnSO4-H20. After the medium was autoclaved, sterile glucose was added to give a final concentration of 0.25%. Assay conditions were the same as for P. fragi.
Production and assay of S. aureus lipase. The lipase of S. aureus was produced in phosphate-buffered Trypticase (BBL) broth incubated on a shaker at 30 C for 24 hr, as previously described (4) . SMITH AND ALFORD Biochemicals Corp., Cleveland, Ohio. It was assayed at pH 8.0 in 0.05 M tris(hydroxymethyl)aminomethane containing 4% lard. A 2-ml amount of a solution containing 5 mg/ml of the dry enzyme was assayed in a total volume of 10 ml.
Measurement of growth. Standard plate counts of P. fragi were made on Case peptone medium (3) containing 1.5% agar. Plates were incubated at 20 C for 2 to 3 days.
Preparation of sodium salts of fatty acids. Fatty acids of > 99% purity (obtained from the Hormel Institute, Austin, Minn.) were dissolved in ethyl alcohol, then neutralized with alcoholic NaOH. The resulting precipitated salts were washed several times with alcohol, dried over sulfuric acid, and stored in a nitrogen atmosphere.
Surface tension. The surface tension was determined in dynes per centimeter with a Du Nouy tensiometer (Cenco Instruments Corp., Chicago, Ill.).
Determination of FFA. The FFA liberated from the lard were separated from the mono-, di-, and triglycerides by thin-layer chromatography (TLC) on silica gel, according to the procedure of Clement, Clement, and Bezard (5), and were methylated with HCl-methanol (14) . The methyl esters then were separated on a column of 20% diethylene glycol succinate on GasChrom P (Applied Science Laboratories, The data in Fig. 1 Fig. 2 , it can be seen that the addition of lard on the 2nd day caused approximnately a sixfold decrease in lipase activity by the 3rd day. Concomitant with the decrease in lipase activity in the presence of lard was an increase in the fatty acid concentration in the medium. The emulsified lard had no inhibitory effect on growth.
To determine the effect of the emulsion on lipase activity directly, as differentiated from its effect on production of the enzyme, lard was added to cell-free supernatant fluids of 5-day cultures, and samples were removed at intervals for assay. Data in Fig. 3 show that the activity of the enzyme progressively decreased with time of exposure to lard, whereas the FFA in the supernatant fluid increased. Since There are many reports in which fatty acids and their salts have been shown to be inhibitory to enzymatic and biological systems: for example, lecithinase activity from kidney and lung extracts of mouse, guinea pig, and rabbit (10); esterase activity from sheep liver extracts (23); malic enzyme from whole cells of Lactobacillus arabinosus (6); trypsin and pepsin (13, 15, 19) ; and bacterial growth (18) . Since the inhibition of lipase activity appeared to parallel the appearance of fatty acids, the sodium salts of various fatty acids were prepared and tested to determine whether they might have an effect on lipolytic activity similar to that reported for other enzymes. It was found that the salts of several unsaturated fatty acids were inhibitory, whereas saturated, and a few unsaturated, acids were without effect (Table 1 ). There also appeared to be some relationship between degree of inhibition and the ability to decrease surface tension to approximately 30 dynes per cm or lower.
Various divalent metallic ions (Ca++, Sr++, Ba++, Cd++, Mn+ , and Co+) were found to eliminate the inhibition by sodium oleate ( Table 3 indicate that a variety of chemically unrelated molecules, such as Tweens, bovine serum, Triton X-100 (Rohm & Haas Co., Philadelphia, Pa.), and lecithins, also were effective in eliminating the inhibitory action of oleate. None of these compounds was inhibitory in the absence of oleate.
To determine the effect of the delayed addition of Ca++ on oleate inhibition, the cation was added to the enzyme 1 hr after the addition of oleate. The data in Fig. 4 show that Ca+ caused an immediate neutralization of further oleate inhibition, but there was no reversal of oleate inhibition that had already occurred. Similar results were obtained with Tween 80, soybean lecithin, and Triton X-100. The earlier suggestion of a correlation between surface tension and inhibitory activity was not supported by the data in Fig. 5 . Increasing concentrations of sodium oleate showed increasing levels of inhibition of lipase activity and decreasing surface tensions. However, the addition of bovine serum eliminated the inhibitory effect, even though the surface tension still was depressed. The serum alone had no effect on surface tension, whereas, in other experiments, Triton X-100 and Astec 4135 decreased the surface tension to 29.8 and 29.9 dynes per cm, respectively, and also eliminated the inhibitory effect of the oleate.
As was shown with lard, inclusion of oleate in the growth medium limited the development of lipolytic activity in the supernatant fluid. Figure 6 indicates that this effect was not related to total cell population.
The data in Table 4 show that, when the lipase of G. candidum was produced in a high protein medium, its activity was not subsequently inhibited by sodium oleate. However, when it was produced in the synthetic medium described a Lard or sodium oleate was added, the mixture was incubated at 20 C for 6 hr (lard) or 3 hr (oleate), and then a sample was removed for assay.
b As described by Alford and Smith (4). c Standard Case peptone medium containing 4% Case peptone.
was not inhibited by oleate when produced in its recommended medium (4). Commercially available pancreatic lipase was not inhibited by oleate.
The FFA liberated from lard by lipase inhibited to 50% of its activity by sodium oleate were identified by gas chromatography and compared with those released by noninhibited lipase. The percentage distribution of fatty acids liberated from lard was approximately the same for both systems.
DISCUSSION
A number of unsaturated fatty acids have been shown to be inhibitory to the activity of P. fragi lipase. Among this group is oleic acid, which accounts for almost 70% of the fatty acids released from lard by this bacterial lipase (2) . Thus, the inhibition of the lipase of P. fragi by lard is probably, at least in part, the result of unsaturated FFA accumulation following hydrolysis of the fat. This conclusion is supported by the slower rate of development of inhibition in the presence of lard when the fatty acid first had to be hydrolyzed from the fat, as compared with the more rapid rate when the fatty acid was added directly. The lower solubility and differences in configuration of some of the fatty acid salts (e.g., elaidic) may have been factors in their lack of inhibitory activity. However, salts of shorter chain fatty acids (C2-C0) were soluble, but not inhibitory.
The inhibition of lipase by oleate is irreversible, inasmuch as Ca+ prevents further inhibition but cannot reverse that which has already occurred.
In addition to this inhibitory effect of end product on the activity of the lipase, there also may be an effect on the synthesis of the enzyme. The presence of oleate during the growth of P. fragi and consequent production of lipase leads to a diminished accumulation of lipase in the culture. However, this could simply be another manifestation of inhibition of activity of the lipase after it has been synthesized and released from the cell. Inhibition of activity can be differentiated from inhibition of synthesis, but the reverse is not yet possible.
Although O'Leary (18) indicated that fatty acids exert a toxic effect on bacterial growth by their ability to lower surface tension, the concurrent decreases in lipase activity and surface tension when fatty acids were present probably were coincidental. Some compounds, such as Triton X-100, lowered surface tension but had no effect on lipase activity. Bovine serum, which alone has no effect on surface tension, neutralized the inhibition of sodium oleate without changing its effect on surface tension. No change in growth rate accompanied the drop in surface tension, as was reported by O'Leary (18) . Gerstl and Tennant (10) concluded that lowered surface tension was not of primary importance in explaining fatty acid inhibition of animal lecithinases.
Peck (19) (8, 12, 20) .
The ability of proteins to prevent the inhibition of lipase by oleate also may explain the apparent differences in sensitivity to oleate of lipases from different sources. Whereas G. candidum lipase produced in a protein medium is relatively insensitive to oleate, lipase produced by this microorganism in a synthetic medium is inhibited by the fatty acid. The same is true for P. fragi. Residual protein in the supernatant fluid of the protein medium cultures might function in the protective mechanism. Protein contamination of the enzyme preparation also could explain, at least in part, the lack of inhibitory effect of oleate on the activity of pancreatic lipase and staphyJococcal lipase shown here and on the lipase produced by Penicillium roquefortii (21) .
The protein and Ca++ in skim milk may be responsible for the relatively high level of staphylococcal lipase activity obtained by Vadehra and Harmon (22) in skim milk containing 10% butterfat. In addition, butterfat contains primarily saturated fatty acids which were shown in our study to have little inhibitory action. Thus, the presence of protein and possibly divalent metallic ions in various fat-containing foods may account for the ability of appreciable enzymatic lipolysis to occur, even though the enzyme is sensitive to very low concentrations of oleate and other unsaturated faty acids. Conversely, highly purified fats and oils may be less susceptible to extensive enzymatic hydrolysis, provided small amounts of an unsaturated fatty acid are present.
